The results of previous work from this laboratory have shown a poor correlation between percent stenosis (determined visually with calipers) and the coronary reactive hyperemic response (an index of maximal coronary vasodilator capacity) determined during cardiac surgery. This study was performed to determine whether other parameters of lesion severity could predict the reactive hyperemic response and thus the hemodynamic significance of coronary stenoses in human beings. Twenty-three patients with lesions in the proximal left anterior descending coronary artery were studied. To account for differences in expected vessel size, patients with large diagonal branches (greater than one-half the diameter of the left anterior descending artery) arising before the lesion were excluded. Computer-assisted quantitative coronary angiography was used to measure percent diameter stenosis, percent area stenosis, and minimal stenosis cross-sectional area. With a pulsed Doppler velocity probe, reactive hyperemic responses were recorded after a 20 sec coronary occlusion of the left anterior descending artery at cardiac surgery before cardiopulmonary bypass and were quantified by the peak/resting velocity ratio (normal greater than 3.5:1). Percent area stenosis ranged from 7% to 54% for vessels with normal reactive hyperemic responses and from 27% to 94% for vessels with abnormal reactive hyperemic responses. With both percent diameter stenosis and percent area stenosis there was substantial overlap between vessels with normal and abnormal reactive hyperemic responses. In contrast, nine of nine vessels with normal reactive hyperemic responses had lesion minimal crosssectional areas of greater than 3.5 mm2 and 13 of 14 vessels with abnormal reactive hyperemic responses had minimal cross-sectional areas of less than 3.5 mm2. We conclude that (1) the hemodynamic significance of a coronary stenosis in patients with coronary atherosclerosis is not accurately predicted by percent area or percent diameter stenosis, even when the angiograms are analyzed with quantitative coronary angiography and (2) minimal cross-sectional area can identify vessels with normal vs abnormal reactive hyperemic responses and thus can be used to predict the hemodynamic significance of stenosis of the proximal left anterior descending coronary artery.
ABSTRACTS
The results of previous work from this laboratory have shown a poor correlation between percent stenosis (determined visually with calipers) and the coronary reactive hyperemic response (an index of maximal coronary vasodilator capacity) determined during cardiac surgery. This study was performed to determine whether other parameters of lesion severity could predict the reactive hyperemic response and thus the hemodynamic significance of coronary stenoses in human beings. Twenty-three patients with lesions in the proximal left anterior descending coronary artery were studied. To account for differences in expected vessel size, patients with large diagonal branches (greater than one-half the diameter of the left anterior descending artery) arising before the lesion were excluded. Computer-assisted quantitative coronary angiography was used to measure percent diameter stenosis, percent area stenosis, and minimal stenosis cross-sectional area. With a pulsed Doppler velocity probe, reactive hyperemic responses were recorded after a 20 sec coronary occlusion of the left anterior descending artery at cardiac surgery before cardiopulmonary bypass and were quantified by the peak/resting velocity ratio (normal greater than 3.5:1). Percent area stenosis ranged from 7% to 54% for vessels with normal reactive hyperemic responses and from 27% to 94% for vessels with abnormal reactive hyperemic responses. With both percent diameter stenosis and percent area stenosis there was substantial overlap between vessels with normal and abnormal reactive hyperemic responses. In contrast, nine of nine vessels with normal reactive hyperemic responses had lesion minimal crosssectional areas of greater than 3.5 mm2 and 13 of 14 vessels with abnormal reactive hyperemic responses had minimal cross-sectional areas of less than 3.5 mm2. We conclude that (1) the hemodynamic significance of a coronary stenosis in patients with coronary atherosclerosis is not accurately predicted by percent area or percent diameter stenosis, even when the angiograms are analyzed with quantitative coronary angiography and (2) Because percent stenosis compares the narrowest portion of the stenosis to the normal vessel size, it should, if measured properly, reflect the hemodynamic significance of a coronary obstruction regardless of the location of that obstruction in the coronary vasculature. In contrast, the significance of any single measurement of minimal cross-sectional area of a coronary stenosis is dependent on the normal expected vessel size of the vascular segment containing that stenosis. For example, a coronary stenosis producing a minimal cross-sectional area of 2 mm2 may produce a severe reduction in intraluminal area of the proximal left anterior descending artery. In contrast, a lesion with a similar minimal cross-sectional area in the middle portion of the left anterior descending artery may produce only a minor reduction in intraluminal area. Therefore, for purposes of comparing minimal cross-sectional area to the maximal vasodilator capacity, it was necessary to study vessels wiith similar expected normal sizes. Thus to compare minimal cross-sectional area with the reactive hyperemic response, patients with a large diagonal branch proximal to the stenosis were excluded. A large diagonal branch was defined as a vessel one-half the diameter of the parent left anterior descending artery.
Although the subjects were drawn from a large pool of patients, they represent a consecutive series meeting the above requirements. Each patient gave informed written consent before entering the study. The To simulate usual catheter and vessel positions, the brass artery and the catheter were placed at widely varying positions in the x-ray field. Additionally, their positions were changed in relationship to the distance from the x-ray tube and the distance from each other. After some initial experience with this technique, we were able to consistently measure the brass artery to within 3% of its known size from all positions in the x-ray field.
Intraobserver variability was examined. For this purpose, one observer traced one lesion from each of 18 patients from three different paired views. The range of minimal cross-sectional areas studied was from 1.5 to 11.5 mm2. The mean percent difference between each of the three paired views was 7 + 1% (mean + SE).
To assess variability, two independent observers analyzed 10
lesions. The range of the cross-sectional areas included in the interobserver studies was from 1.3 to 11.5 mm2. Each observer traced and digitized each lesion three times using three different paired views. For each lesion the average of the three minimal cross-sectional areas were computed and the average difference between the values of the observer 1 and those of observer 2 was found to be 7 ± 1% (SE).
Reactive hyperemia studies at cardiac surgery Preparation ofpatients. All patients were anesthetized, usually with halothane. An endotracheal tube was inserted and ventilation was accomplished with a mechanical respirator. Blood gases were maintained in the physiologic range by varying the depth and rate of respiration and the oxygen concentration in the inspired gas. The studies were performed during surgery through a midsternal incision for cardiac exposure after appropriate preparations for cardiopulmonary bypass. Arterial pressure, measured with a radial arterial catheter, and the electrocardiogram were monitored continuously. A catheter placed in the left atrium via a pulmonary vein was used to monitor left atrial pressure. Just before measurements of coronary velocity, heparin was administered intravenously to raise the activated clotting time to 480 sec. All measurements of coronary reactive hyperemia were obtained before the onset of cardiopulmonary bypass when the patient's hemodynamic status was stable.
Measurements of coronary blood flow velocity. Mean and phasic coronary blood flow velocity were obtained with a specially designed pulsed-ultrasonic probe previously sterilized for intraoperative use. The probe, which has been described in detail,'3 consists of a 1 mm 20 MHz piezoelectric crystal placed at a 45 degree angle in a silicone suction pad, 2.5 cm in diameter. Continuous contact of the crystal to the coronary vessel was accomplished by suction applied to the silicone pad through a separate vacuum line. The probe was connected to a pulsed Doppler flowmeter constructed by the bioengineering resource facility at the University of Iowa according to the design originally described by Cole and Hartley. 14 With this system, highquality coronary velocity tracings were routinely obtained from the left anterior descending artery. Simultaneous measurements of mean and phasic coronary velocity, phasic arterial pressure, and the electrocardiogram were recorded.
After the Doppler probe was placed over the left anterior descending coronary artery, the position of the probe was adjusted until a recording of coronary blood flow velocity of excellent quality was obtained. A 20 sec coronary occlusion was accomplished by obstructing the coronary artery with gentle pressure by means of vascular forceps just proximal to the Doppler probe. The time of occlusion was determined by measuring the time during which coronary blood flow velocity was zero. Previous studies from this laboratory have shown that 20 sec coronary occlusions produce maximal reactive hyperemic responses in human beings under these conditions.'3 Each reactive hyperemic response was quantified by measuring peak coronary velocity and dividing this by resting velocity before the onset of transient coronary occlusion. Traditionally, coronary reactive hyperemic responses are quantified by measuring peak/resting velocity ratios, debt/repayment ratio, and duration of occlusion/duration of repayment ratios.'5 16 Initial experience has shown that in patients with coronary artery disease, changes in peak/resting velocity ratio parallel changes in the debt/repayment ratio. 13 Thus, in this study the reactive hyperemic response was quantified by measurements of peak/ resting velocity ratios only.
Protocol. For purpose of data analysis, patients were divided into two groups: those with normal maximal coronary vasodilator responses, defined as a peak/resting velocity ratio of greater than 3.5:1, and those with abnormal maximal vasodilator responses with peak/resting velocity ratios of less than 3.5:1. Initial experience in studying vessels with no evidence of intraluminal atherosclerosis supplying normal ventricles has shown that the normal peak/resting velocity ratio after a 20 sec coronary occlusion is 5.5, with a range of 3.5 to 9. Thus a peak/ resting velocity ratio of 3.5:1 represents the lowest extreme of what we consider to be a normal response.
Each patient's coronary angiogram was carefully reviewed and two orthogonal views were selected in which the lesion could be clearly visualized. If more than one pair of views were available, the paired orthogonal views in which the lesion appeared most severe was selected. Three frames from each pair were analyzed by quantitative coronary angiography. This yielded three values for minimal cross-sectional area and percent area stenosis and six values for diameter stenosis and minimal diameter. The peak/resting velocity ratio of the reactive hyperemic response was subsequently compared with the average of the three values for each of these as well as the "most severe" of the values for each of these parameters. In addition, the size of the apparently normal vascular segment adjacent to the lesion in question was determined. To accomplish this, the cross-sectional areas of either the proximal or distal portion of the vessel (whichever was largest) were averaged from the three paired frames.
Analysis of the arteriogram and determination of reactive hyperemic responses were performed by two independent observers, each of whom was unaware of the other's result.
Statistical methods. Results are expressed as mean + SE. Comparisons between patients with normal and abnormal reactive hyperemic responses were made with an unpaired Student's t test. The relationship between the peak/resting velocity ratio of the reactive hyperemic response and the various angiographic parameters examined were conipared by both linear regression and least-squared multivariate regression analyses to obtain a "best fit" curve.
Results
The patients were found to have lesions ranging from 7% to 94% area stenosis and 4% to 73% diameter stenosis. The average diameter stenosis for all patients was 35 ± 3.5% and the average area stenosis was 44 ± 4.4%. In general, percent area stenosis was greater than percent diameter stenosis; however, because of lesion eccentricity an occasional patient had a percent diameter stenosis greater than percent area stenosis. The majority of the patients studied had lesions of mild-to-moderate severity as indicated by percent stenosis.
Vol. 69, No. 6, June 1984 Data expressed as mean ± SE. PRVR = peak/resting velocity ratio; HR -heart rate; AoP = mean aortic pressure; LAP = left atrial pressure.
The hemodynamics at the time of cardiac surgery for patients with normal and abnormal reactive hyperemic response are shown in table 1. The mean left atrial pressure was higher in the group with normal reactive hyperemic responses because this group included four patients with mitral stenosis. The heart rates of patients with normal and abnormal reactive hyperemic responses were not significantly different. Of particular importance, the coronary driving pressure (mean arterial pressure), a major determinant of the reactive hyperemic response, was highest in the group with the diminished peak/resting velocity ratio. Blood hemoglobin concentration averaged 13.8 + 0.5 and 14.2 ± 0.5 g/dl for patients with normal and abnormal reactive hyperemic responses, respectively. The left ventricular ejection fraction averaged 0.67 ± 0.04 and 0.65 ± 0.03, respectively, for these two groups. Neither the mean hemoglobin nor the mean ejection fraction was significantly different between groups.
Relationship between maximal vasodilator response and percent stenosis. The relationships between percent diameter stenosis, percent area stenosis, and the reactive hyperemic response are shown in figure 1 . Both percent diameter and area stenosis correlated poorly with the reactive hyperemic response (table 2). The distribution of percent diameter and percent area stenosis (average of three paired frames) in patients with normal and abnormal maximal vasodilator responses is shown in figure 2 . Considerable overlap exists between patients with normal and abnormal reactive hyperemic responses for both percent area stenosis and percent diameter stenosis. Although certain values for percent area stenosis or percent diameter stenosis may be specific for hemodynamically significant obstructions, the same values lack sensitivity. For example, lesions greater than 60% area stenosis were always associated with a blunted reactive hyperemic response. However, many lesions with area stenosis of substantially less than 75% were associated with abnormal reactive hyperemic responses. In addition to averaging the three values for percent area stenosis and percent diameter stenosis, we determined the "worst" percent area stenosis and diameter stenosis for all of the frames analyzed for each lesion. With this value, the degree of overlap between patients with normal and abnormal reactive hyperemic responses was virtually unchanged.
Relationship between minimal cross-sectional area and maximal vasodilator response. Figure 3 shows the relationship between minimal cross-sectional area and the reactive hyperemic response quantified by the peak/ resting velocity ratio. Although the correlation coefficient for this relationship was low (r = .58) it was highly significant (table 2). This relationship was best fit with a quadratic equation, and the correlation between predicted and observed y values for each minimal cross-sectional area was also significant (table 2). Figure 4 shows the distribution of minimal cross-sectional areas in vessels with definitely normal and abnormal reactive hyperemic responses. In contrast to percent area stenosis, vessels with minimal cross-sectional areas of greater than 3.5 mm2 consistently demonstrated a normal maximal coronary vasodilator response. A minimal cross-sectional area of less than 3.5 mm was associated with an abnormal coronary reactive hyperemic response in 13 of 14 instances.
In addition to using the average of three paired frames for determination of minimal cross-sectional area, we also compared the smallest cross-sectional area from these three pairs for each lesion with the The relationship between this value and the peak/resting velocity ratio is shown in figure 5 . The correlation coefficient for this relationship was .68 (p < .0005). In addition, the size of the apparently normal segment closely correlated with the minimal cross-sectional area of the same vessel (r = .86, p < .0001).
Comparison of diameter stenosis determined by quantitative coronary angiography and visually with calipers. In all patients, percent diameter stenosis was determined by quantitative coronary angiography and by handheld calipers. The correlation coefficient between these two techniques was .93, the slope of this relationship was .81 (with the hand-held caliper technique as the x value), and the intercept was 7.0. The average absolute difference between caliper and quantitative coronary angiographic estimates of percent stenosis was 4.6 ± 0.9%. Thus, these two methods of determining percent diameter stenosis yield quantitatively similar results.
Discussion
The new findings in this study are that (1) percent stenosis as calculated by quantitative coronary angiography does not accurately predict the physiologic significance of coronary stenoses, particularly for lesions of mild-to-moderate severity, and (2) residual lumen area of lesions proximal to any major diagonal branch of the left anterior descending artery serves to better define the physiologic significance of the stenosis. One explanation of these findings is schematically presented in figure 6 . Both of the vessels pictured would appear to have a 50% reduction in luminal diameter at coronary arteriography. The vessel on the right, however, contains diffuse intimal atherosclerosis, and the superimposed plaque results in a substantial reduction of the vessel cross-sectional area. The physiologic significance of the angiographically apparent 50% stenosis on the right is much greater than that of the stenosis pictured on the left. The major difficulty in differentiating these two lesions, therefore, is not in identifying the stenosed portion of the vessel but in identifying the truly normal diameter of the vessel. Thus vessels with angiographically apparent mild degrees of stenosis may demonstrate very blunted reactive hyperemic responses because their cross-sectional areas are substantially reduced. This hypothesis is supported by our observations related to the apparently normal adjacent segments. First, the cross-sectional areas of these segments was significantly smaller in the group of vessels with abnormal reactive hyperemic response compared with the group with normal responses. Second, a significant correlation (r = .68) existed between the reactive hyperemic peak/resting velocity ratio and the size of the normal segment. For this group of vessels, this measurement correlated as well as the minimal cross-sectional area to the peak/resting velocity ratio. Third, the minimal cross-sectional area could be shown to be a function of the size of the apparently normal segment of the vessel. Thus the overall reduction in lurninal area produced by the atherosclerotic process was significantly influenced by the severity of the diffuse narrowing in the adjacent (and underlying) vessel. This 29 These investigators used quantitative coronary angiography to assess the percent diameter stenosis in human beings and found that collaterals did not form in patients with stenoses of less than 90% diameter. None of the 23 patients analyzed in the present study had a percent diameter stenosis greater than 90%.
In conclusion, the present study demonstrates that measurements of percent stenosis, even when determined by quantitative coronary angiography, do not predict the physiologic significance of coronary atherosclerotic lesions ranging from 20% to 60%. In contrast, when vessels of similar expected normal sizes were examined, minimal cross-sectional area more accurately delineated physiologically significant from insignificant lesions.
The findings of this study do not detract from use of percent stenosis to define the significance of lesions when true normal vessel diameter is known. In particular, these findings are not relevant to studies of experimental stenoses performed in animal preparations. Furthermore, if a technology were available that would allow identification of the true normal lumen size in
